Abstract: This study investigates a large deep foundation pit of a hydraulic structure rehabilitation program across the Indus river, in the Punjab province of Pakistan. The total area of the construction site was 195,040 m 2 . Two methods, constant head permeability test and Kozeny-Carman equation, were used to determine the hydraulic conductivity of riverbed strata, and numerical simulations using the three-dimensional finite-difference method were carried out. The simulations first used hydraulic conductivity parameters obtained by laboratory tests, which were revised during model calibration. Subsequently, the calibrated model was simulated by different aquifer hydraulic conductivity values to analyze its impact on the dewatering system. The hydraulic barrier function of an underground diaphragm wall was evaluated at five different depths: 0, 3, 6, 9, and 18 m below the riverbed level. The model results indicated that the aquifer drawdown decreases with the increase in depth of the underground diaphragm wall. An optimal design depth for the design of the dewatering system may be attained when it increases to 9 m below the riverbed level.
Introduction
The Taunsa Barrage/Dam is located at 70 • 50 E and 30 • 42 N across the Indus River, which is the largest river of the Indus Valley in Pakistan. The valley is a flat alluvial fan formed by the Indus River and its tributaries. There are five main tributaries of the Indus River (Figure 1 ) irrigating the fertile lands of the Punjab and Sindh provinces of Pakistan. All rivers of the irrigation system of the country are interconnected through a series of link canals that facilitate interbasin water transfers. Water for irrigation is diverted from the rivers through a series of barrages (dams/diversion weirs) releasing water into main canals and subsequently to a vast irrigation network of distributaries and minor channels. The development of the irrigation system started in the middle of the 19th century when many of the existing barrages were constructed [1] . There is a major initiative from the government of Pakistan to rehabilitate the century-old infrastructure. One of these was the Taunsa Barrage, constructed in 1958 and presently feeding four main canals-two on the right and two on the left bank-irrigating a total area of 2.35 million acres [2] .
Construction and rehabilitation programs of hydraulic river structures invariably involve structural activities in the riverbed, and efficient dewatering of construction sites always plays a crucial role in undisturbed structural works. The alluvial sediments, distributed in the Indus River Delta, form an unconfined aquifer of more than 300 m thickness [3, 4] . Owing to this excessive aquifer thickness, along with high river water level and a deep bedrock burial depth, it is impossible to install an underground diaphragm wall down to the bedrock to provide dry conditions for construction in the riverbed. Therefore, for the projects involving structural activities in the riverbed, dewatering is widely used to reduce the groundwater level around the foundation pits; if improperly handled, however, this may cause land subsidence, geological disasters, and even major security incidents [5] [6] [7] .
Two measures may be considered to control the groundwater flow into the foundation pits; the first measure includes the installation/construction of an underground diaphragm wall to cut off the natural groundwater flow into the foundation, and the second measure is to install pumping wells to lower the groundwater table in the foundation pits [8] . The application of diaphragm walls is limited because of high project costs and engineering difficulties. However, several researchers have adopted this measure in the projects with shallow groundwater level for controlling the water influx into the foundation pit [9] [10] [11] [12] . The second measure of installing pumping wells has been widely used to lower the groundwater table in open pits [13] [14] [15] , and this measure has often been used in conjunction with a diaphragm wall. Therefore, appropriate selection of relative depth of both diaphragm wall and wells plays an effective role in controlling the land subsidence outside the foundation pit.
Three-dimensional numerical simulation methods in designing the foundation pit dewatering systems have extensively been used by several researchers in recent years to provide dry conditions for construction. Luo et al. [6] used a three-dimensional finite element simulation method for foundation pit dewatering to control the groundwater level around the foundation pit, and determined that the model-simulated optimal design and the real case were consistent with each other. Alonso et al. [16] used a three-dimensional finite element approach for simulating dewatering of a construction site and found that the model accurately reproduced the observed conditions. Chen and Lei [17] applied a three-dimensional numerical simulation model for the design of a foundation pit dewatering system and concluded that the utilized method not only provided a strong basis for the optimum design of the foundation pit dewatering but also a scientific basis for decision-making related to underground construction projects.
In further studies, it is documented that an optimal design of a dewatering system may be achieved by the incorporation of groundwater flow modeling, inverse simulation studies, and optimization to minimize the total abstraction volume or execution cost, while satisfying the design criteria [18] [19] [20] . Zhou et al. [21] used a three-dimensional finite-difference method for simulating pit dewatering, through the inversion of hydraulic conductivity parameters, based on field pumping tests, and concluded that the predicted hydraulic head value of the three-dimensional finite-difference model is consistent with the monitored value. Ye et al. [22] developed an intelligent risk-assessment system for deep excavation dewatering, based on the coupled three-dimensional groundwater flow theory to evaluate the safety of excavation dewatering and have concluded that an increase in the insertion depth of the underground diaphragm wall will increase the water level drawdown gradually while the predicted output volume of water will decrease. Wang et al. [23] applied a three-dimensional finite-difference forward analysis approach to verify the feasibility of a dewatering scheme for a large deep foundation pit. In further studies, researchers used different techniques for dewatering of foundation pits in various regions of the world [24] [25] [26] [27] [28] [29] [30] [31] .
The characteristics of seepage in small-scale deep foundation pits of buildings or other small structures have been extensively investigated in previous studies. However, the seepage characteristics of large-scale deep foundation pits in thick aquifers (more than 300 m depth) with high water levels across a flowing river have not been studied. Therefore, this study fills this research gap. This study aims to design an optimal dewatering system for a large deep foundation pit by adopting the three-dimensional finite-difference numerical simulation approach. Under this context, the Taunsa Barrage of Pakistan was considered as a case study. Moreover, the hydraulic barrier function of an underground diaphragm wall was evaluated for selecting its optimal depth.
Mathematical Model

Governing Equation
The governing equation of anisotropic porous medium for three-dimensional transient groundwater flow is as follows [32] ∂ ∂x K xx ∂h ∂x
The initial condition of the governing equation is
Boundary Condition
The Dirichlet boundary condition is expressed as [32] H(x, y, z, t)
The Neuman boundary is
The free surface boundary is expressed as [32] 
where, K xx , K yy , K zz are the hydraulic conductivity parameters along the x, y, and z axis, respectively, and are assumed to be parallel to the traditional x-y coordinate system (LT −1 ); h is the piezometric head at (x, y, z) (L); W is the volumetric influx and/or efflux per unit volume of water (T −1 ); t is the time (T); S s denotes the specific storage (L −1 ); Ω represents the computational domain; Γ 1 , Γ 2 , and Γ 3 are the first, second, and phreatic surface boundaries, respectively; H 0 (x, y, z, t 0 ) represents the initial head at points (x, y, z); H 1 (x, y, z, t) is the known water head at the boundary; q(x, y, z, t) represents the recharge capacity per unit area for the second type boundary condition; and n x , n y , and n z are the components of the unit normal vector on boundary Γ 2 along the x, y, and z directions, respectively. When the governing equation is combined with the initial and boundary conditions, it represents 3-D transient groundwater flow in a heterogeneous and anisotropic aquifer, given that the principal axes of hydraulic conductivity are aligned with the traditional coordinate system. Analytical solutions of such a combination of the partial differential equation are rarely available, except for very simple systems. Hence, a finite-difference numerical simulation with MODFLOW, in which the flow domain is divided into element blocks, is used to obtain an approximate solution.
Finite-Difference Solution of the Groundwater Flow Model
The solution of a finite-difference groundwater flow model follows the application of the continuity equation, that is, the summation of all inflows and outflows from each cell is equal to the change in storage, provided that the groundwater density of the considered cell is constant [33] . The balance of groundwater flow in a cell is given as follows:
where ∑Q i is the total net inflow into the cell (L 3 T −1 ); S s denotes the aquifer specific storage; ∆V denotes the cell volume (L 3 ); and ∆h represents the piezometric head change over time ∆t (T).
To account for external sources and stresses (pumping, recharge, evaporation, drainage, and river infiltration) that may affect a single cell, the combined flow equation is generally represented as:
where Q si,j,k is the net flow into cell i, j, k from all external sources/stresses (L 3 T −1 ); h i,j,k is the piezometric head at node i, j, k; P i,j,k is the coefficient of the head from the external stresses (L 2 T −1 ); and Q i,j,k is the flow directly injected into the cell (L 3 T −1 ). By applying Equation (6) to cell i, j, k, also considering the six adjacent cells and their external flow rates, the resultant continuity equation may be expressed as:
where the subscript notation "1/2" denotes the volumetric flow between nodes; for example, Q i,j−1/2,k represents the volumetric flow between nodes i, j, k and i, j−1, k (L 3 T −1 ); ∆r j , ∆c i , and ∆v k are the cell dimensions along the row, column, and vertical directions (L), respectively; and ∆h i,j,k /∆t is a finite-difference approximation for the piezometric head derivation, with respect to time (LT −1 ), which may be expressed by the finite-difference form, as shown below:
where h m i,j,k and h m−1 i,j,k are the piezometric heads at cell i, j, k at time levels m and m − 1 (L); and t m and t m − 1 are times at time levels m and m − 1 (T).
According to Darcy's Law, the finite-difference approximation of cells i, j, k may be expressed by [34] .
where CR, CC, and CV represent the hydraulic conductivity between nodes i, j, k and a neighboring node (L 2 T −1 ), which may be defined as the ratio between the product of flow cross-sectional area and the coefficient of hydraulic conductivity to the length of the flow. The subscript "1/2" denotes the hydraulic conductivity between the nodes; for example, CR i,j−1/2,k describes the hydraulic conductivity between nodes i, j, k and i, j − 1, k. Equation (10) is the finite-difference form of the continuity equation of the 3-D transient flow, which may be solved iteratively. In this equation, at the starting/initial time level (m − 1), the coefficients of the various head terms are all known. However, at the end of the time step and at time t m , the seven heads are unknown, as they are part of the head distribution that is to be predicted. Such an equation cannot be solved independently as it represents a single equation with seven unknowns. However, this kind of equation can be written for each active cell in the mesh. A system of "n" equations with "n" unknowns is formed, as only one unknown head exists for each cell. Such a system may be solved simultaneously.
Case Study
The Taunsa Barrage was constructed in 1958, but soon after its construction, it ran into multiple problems (e.g., the breakdown of the subsurface flow monitoring system, excessive retrogression, hydraulic jump and energy dissipation problems, excessive sedimentation, drainage problems, etc.). Therefore, its rehabilitation and modernization were planned to address the aforementioned problems.
The construction work was planned in two stages, and stage-II work was further divided into four phases to keep the barrage in operation during the entire construction period. During stage-II work, a total of 200 wells were installed and operated round the clock to achieve complete dewatering of the foundation pit. This study is limited to stage-II, phase 1 work, in which 70 wells were installed. The location of the Taunsa Barrage across the Indus River and layout of the dewatering area is presented in Figure 1 .
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Aquifer Hydrogeological Conditions
The main type of aquifer in the foundation pit is the unconfined aquifer of fine to medium sand of large thickness [4] . Undisturbed soil samples of riverbed material were collected and tested for the evaluation of hydraulic conductivity and profile layering. The hydraulic conductivity parameters of 
The main type of aquifer in the foundation pit is the unconfined aquifer of fine to medium sand of large thickness [4] . Undisturbed soil samples of riverbed material were collected and tested for the evaluation of hydraulic conductivity and profile layering. The hydraulic conductivity parameters of all the strata were obtained using a constant head permeability test [35] and by an analytical equation established by Carman [36] , as follows:
where k represents the intrinsic permeability (L 2 ), φ is the porosity, d e is the effective particle diameter equal to d 10 size (on passing basis) in particle gradation curve, K represents the hydraulic conductivity (L/T), and µ is dynamic viscosity (for water µ = 0.01 g/cm-s). Three borehole locations, BH-A, BH-B, and BH-C (Figure 2 ), were selected for estimation of the hydraulic conductivity of subsoil strata, and it was found that this varies depthwise, owing to sedimentation of various-sized particles (fine to medium sand). Hydraulic conductivity of the subsurface strata, estimated by using the Kozeny-Carman equation, varies from 8. Table 1 . Table 1 . Hydraulic conductivity parameters. 
Numerical Model
A three-dimensional software program processing MODFLOW2000 (USGS) was adopted to simulate the dewatering system using the finite-difference method to solve the governing equation. This model was selected because it is easy to set up, free to use, and GUIs are inexpensive to run the model, though it cannot simulate the complex geological features compared to other models (e.g., FEFLOW). Also, in previous studies, several researchers [17, 37, 38] have employed the MODFLOW model for the design and optimization of foundation pit dewatering projects and concluded that it can simulate the dewatering systems efficiently.
Spatial Discretization and Boundary Conditions
The model covers a rectangular area of 195,040 m 2 including 106 rows and 115 columns with a denser grid size of 4 × 4 m (Figure 2 ). Three sides of the foundation pit (upstream, left, and downstream sides) were surrounded by the river water storage throughout the construction period, and these sides were treated as constant head boundaries as the variation in the river water level was less than 1 m during the construction period. Therefore, an average river water level of 129.84 m was selected for the simulation.
On the right-hand side of the foundation pit, there is a guide bank which is almost 3 m thick from the riverbed level. Therefore, the first layer of the model on the right-hand side was treated as a no-flow boundary, while in the remaining layers, a constant head boundary equal to 125.92 m was assigned 1000 m away from the system, to minimize the effect of the radius of influence. The plan view of the dewatering area, with the location of the underground diaphragm wall and the layout of the pumping wells, is presented in Figure 2 .
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Model Identification and Calibration
As per model requirements, time variant and invariant data were used for the model formulation. Time variant data includes the details of pumping wells, which were specified in the model for the whole dewatering period based on the observed strata distribution and actual on-site pumping (well locations, pumping rate, and pumping duration) carried out during the construction period. The length of each stress period was 1 day. The pumping capacities of all the installed wells were assigned to the model based on daily pumping status and according to their contribution in specific layers (Figure 3 ). The capacity of each well is shown in Table 2 . Time invariant parameters include aquifer data (i.e., horizontal and vertical distribution of subsurface strata, aquifer thickness, porosity, specific yield, specific storage, layer properties (confined/unconfined), etc.). The calculated hydraulic conductivity values were first assigned and then revised by fitting the calculated hydraulic heads to the observed heads. The model-calculated hydraulic conductivity parameters of the riverbed strata are presented in Table 3 . A total of 70 wells were installed for complete dewatering of the construction area, out of which 12 wells were selected for model calibration. As shown in Figure 2 , wells installed in line-I (W-15 to W-26), line-IV (W-59 to W-70), and line-V (W-1 to W-14) control the underground seepage influx from the upstream, downstream, and the right-hand side of the foundation pit, respectively, whereas wells W-26, W-42, W-58, and W-70 control the inflow from the left-hand side of river water storage.
The model-simulated water levels were plotted and compared with the field-observed water levels for the whole dewatering period, which was 112 days. The model was calibrated with the fieldobserved conditions by adjusting the hydrological parameters. Figure 4 shows the comparison between the observed and computed heads for 12 wells. As shown in Figure 4 , a steady water level was not achieved in well W-70, as it was influenced by the inflows from two sides of the river 
As per model requirements, time variant and invariant data were used for the model formulation. Time variant data includes the details of pumping wells, which were specified in the model for the whole dewatering period based on the observed strata distribution and actual on-site pumping (well locations, pumping rate, and pumping duration) carried out during the construction period. The length of each stress period was 1 day. The pumping capacities of all the installed wells were assigned to the model based on daily pumping status and according to their contribution in specific layers (Figure 3 ). The capacity of each well is shown in Table 2 . Time invariant parameters include aquifer data (i.e., horizontal and vertical distribution of subsurface strata, aquifer thickness, porosity, specific yield, specific storage, layer properties (confined/unconfined), etc.). The calculated hydraulic conductivity values were first assigned and then revised by fitting the calculated hydraulic heads to the observed heads. The model-calculated hydraulic conductivity parameters of the riverbed strata are presented in Table 3 . A total of 70 wells were installed for complete dewatering of the construction area, out of which 12 wells were selected for model calibration. As shown in Figure 2 , wells installed in line-I (W-15 to W-26), line-IV (W-59 to W-70), and line-V (W-1 to W-14) control the underground seepage influx from the upstream, downstream, and the right-hand side of the foundation pit, respectively, whereas wells W-26, W-42, W-58, and W-70 control the inflow from the left-hand side of river water storage. The model-simulated water levels were plotted and compared with the field-observed water levels for the whole dewatering period, which was 112 days. The model was calibrated with the field-observed conditions by adjusting the hydrological parameters. Figure 4 shows the comparison between the observed and computed heads for 12 wells. As shown in Figure 4 , a steady water level was not achieved in well W-70, as it was influenced by the inflows from two sides of the river boundary (d/s side and left side), and also as a result of the fluctuations of its daily operational status. The simulation results indicate that the calculated water levels were comparable with the observed data. After 20-25 days of pumping, a pseudosteady condition was attained, and the water level in the foundation pit fell to 117.92 m, which was below the targeted value. 
Error Analysis
After model calibration, the error was analyzed and a mean root-mean-square error (RMSE) of 1.46 m was found in the model-fitted heads to observations, against an average head drop of about 10.5 meters ( Figure 5) . In previous studies, several researchers [7, 21, 23, 30] have found error ranges from 7.6 to 30.8 percent in the calibration of three-dimensional groundwater numerical models. In the present study, an error of 11.7% (RMSE/∆h) was found when the model-simulated water levels were equal to or less than the observed ones, whereas an average error of 13.9 percent (RMSE/∆h) was observed. These errors may be associated with the variations in the hydraulic conductivity, which was assumed constant throughout the simulation period. Therefore, these errors may be accepted considering the complexity of the system. 
Dewatering System Optimization
Different schemes and scenarios, discussed in the subsequent sections, were developed to determine the optimal depth of the diaphragm wall and to estimate the impact of hydraulic conductivity on the dewatering system performance, and are discussed in the subsequent sections.
Selection of Diaphragm Wall Depth
In order to select the optimal insertion depth of the underground diaphragm wall, different schemes have been developed by adjusting its bottom level, for analyzing its impact on the dewatering system. The simulation results of these schemes are presented in Table 4 and Figure 6 and are briefly discussed below. 
Dewatering System Optimization
Selection of Diaphragm Wall Depth
In order to select the optimal insertion depth of the underground diaphragm wall, different schemes have been developed by adjusting its bottom level, for analyzing its impact on the dewatering system. The simulation results of these schemes are presented in Table 4 and Figure 6 and are briefly discussed below.
Scheme-I
In this scheme, the depth of the underground diaphragm wall was not adjusted, and its bottom level was same as that of the riverbed level. The bottom of the filter pipe of all the pumping wells was 18 m below the level of the underground diaphragm wall. The simulation results of scheme-I, presented in Table 4 and Figure 6 , showed that with these settings, an average water level of 120.13 m may be attained, which cannot satisfy the dewatering requirements, as the targeted water level was 119.78 m. Therefore, these arrangements for a dewatering system are not acceptable, as they are unable to achieve the required water level to provide dry conditions for undisturbed construction work, and may also cause serious stability and environmental issues [5] [6] [7] .
Scheme-II
In this scheme, the depth of the underground diaphragm wall was increased to 3 m below the riverbed level and bottom of the filter pipe of pumping wells was kept 15 m below the bottom level of the diaphragm wall. The simulated water level was 1.18 m below the water level compared to the previous scheme, as shown in Table 4 . With these settings of the underground diaphragm wall, the attained water level was 118.95 m, which may satisfy the dewatering requirements. However, the settings of the level of the diaphragm wall, in this case, may result in serious stability problems, and the filter pipe of pumping wells may also be exposed, which might cause excessive drawdown outside the foundation pit, and at the same time, induce other environmental and geological issues. Therefore, these settings of the bottom level of the underground diaphragm wall cannot be adopted.
Scheme-III
Like scheme-II, a third scheme was developed, but in this case, the depth of the underground diaphragm wall was increased to 6 m below the riverbed level. As shown in Table 4 , the attained water level with these conditions was 118.28 m, which was 0.67 m below the water level achieved in scheme-II and 1.50 m below the target value. The drawdown outside the foundation pit was also not more than 1 m. Hence, with this level of underground diaphragm wall, the dewatering requirements may be satisfied successfully, and environmental and geological issues would be minimal. However, in this case, the simulated and observed results are not comparable, as the selected depth of the underground diaphragm wall was 9 m below the riverbed level during the construction project.
Scheme-IV
In scheme-IV, the depth of the underground diaphragm wall was extended to 9 m below the riverbed level. As shown in Table 4 , the water level in this scheme was lowered to 117.92 m, which was 1.86 m below the required water level. At this level of the underground diaphragm wall, the observed and simulated water levels were comparable (Figure 4) . The insertion of the diaphragm wall up to this level results in a 2.21 m lowered water level, compared to that if no diaphragm wall is installed. Therefore, the insertion of the diaphragm wall reduces the dewatering effort significantly. To evaluate the impact of the depth of the diaphragm wall, an additional scheme was developed. In scheme-V, the depth of the underground diaphragm wall was increased to 18 m below the riverbed level; the bottom of the filter pipe was at the same level as that of the diaphragm wall level. In this case, when the depth of the underground diaphragm wall was increased from 9 m to 18 m below the riverbed level, it only resulted in a 0.39 m drawdown, whereas a drawdown value of 2.21 m was obtained when the bottom level of the diaphragm wall adjusted from 0 to 9 m below the riverbed level. Therefore, any further increase in the depth of the underground diaphragm wall from 9 m will yield small variations in the simulated water levels. To evaluate the impact of the depth of the diaphragm wall, an additional scheme was developed. In scheme-V, the depth of the underground diaphragm wall was increased to 18 m below the riverbed level; the bottom of the filter pipe was at the same level as that of the diaphragm wall level. In this case, when the depth of the underground diaphragm wall was increased from 9 m to 18 m below the riverbed level, it only resulted in a 0.39 m drawdown, whereas a drawdown value of 2.21 m was obtained when the bottom level of the diaphragm wall adjusted from 0 to 9 m below the riverbed level. Therefore, any further increase in the depth of the underground diaphragm wall from 9 m will yield small variations in the simulated water levels. 
Hydraulic Conductivity Variation
After calibration, the model was tested by varying the values of hydraulic conductivity (both Kh and Kv) to assess its impact on the dewatering system and to evaluate model applicability with different subsurface strata types. Three scenarios were developed by varying the values of K, and the simulation results are presented in Table 5 and Figure 7 .
Scenario-I
In scenario-I, the model was simulated with a 10% increased and decreased value of hydraulic conductivity of subsurface strata from those of the calibrated values of K. The other parameters of the model were kept the same as those of the calibrated model. The simulation results, presented in Table 5 and Figure 7 , showed that when the value of hydraulic conductivity was increased by 10%, the attained average water level was 118.50, which was 0.59 m higher than that of the calibrated value 
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Scenario-I
In scenario-I, the model was simulated with a 10% increased and decreased value of hydraulic conductivity of subsurface strata from those of the calibrated values of K. The other parameters of the model were kept the same as those of the calibrated model. The simulation results, presented in Table 5 and Figure 7 , showed that when the value of hydraulic conductivity was increased by 10%, the attained average water level was 118.50, which was 0.59 m higher than that of the calibrated value of 117.92 m. Similarly, when the value of K was decreased by 10%, the simulated average water level was 117.16 m, which was 0.76 m lower than the calibrated value of the water level.
Scenario-II
In this scenario, the value of hydraulic conductivity varied by 20% from the model-calibrated K value. When the value of hydraulic conductivity of subsoil strata was increased by 20%, the resulted average simulated water level was 119.15 m, which was 1.23 m higher than that of the calibrated value, while a decrease in the K value resulted in a 1.24 m lower water level, as compared to the model-calibrated water level.
Scenario-III
Similar to previous scenarios, a third scenario was developed by a 30% variation in the hydraulic permeability parameters from the calibrated K. In this case, an increase in the value of hydraulic conductivity resulted in a 2.09 m higher water table, as compared to calibrated results. Conversely, when the K values were lowered, the simulated water level was about 115.88 m, which was about 2.04 m lower than that of the calibrated water level, as shown in Table 5 . 
Discussions
The proposed method of dewatering system design in this study gives an insight into the coupling effect among the underground diaphragm wall, seepage influx into the foundation pit, and the hydraulic properties of subsoil strata. A three-dimensional numerical simulation model, 
Discussion
The proposed method of dewatering system design in this study gives an insight into the coupling effect among the underground diaphragm wall, seepage influx into the foundation pit, and the hydraulic properties of subsoil strata. A three-dimensional numerical simulation model, MODFLOW, was used to design the dewatering system at a large deep foundation pit at the Taunsa Barrage, to demonstrate its applicability. The hydraulic conductivity of the subsurface strata obtained by laboratory tests was used as the initial conditions for the model, which was then revised during model calibration [23] . The model-calibrated results were comparable with field-observed water level in the foundation pit and found consistent with previous studies by several researchers [17, 23, 38, 42, 43] in which they have used three-dimensional numerical simulation methods for dewatering of foundation pits in different regions of the world. Once the model was successfully calibrated, different schemes and scenarios were developed for the selection of the optimal depth of the underground diaphragm wall and to evaluate the impact of hydraulic conductivity parameters on the dewatering system, respectively.
Five schemes for the selection of optimal depth of diaphragm wall were discussed in this article. In scheme-I, the simulated water level was unable to satisfy the dewatering requirements, and at the same time, it may also cause serious foundation stability and environmental and geological problems [5, 7] . Schemes II-V met the dewatering requirements, as the simulated water level in these schemes was below the targeted level to provide dry conditions for undisturbed construction work. However, scheme-II may cause stability and environmental issues, whereas an optimal design of the dewatering system may be developed by scheme-IV. During the construction, selected depth of the selected underground diaphragm wall was 9 m below the riverbed level, which was addressed in scheme-IV. Installation of the underground diaphragm wall drastically reduced the dewatering effort and provided stability to the foundation pit. The difference in the drawdown was decreased by increasing the depth of the underground diaphragm wall. Therefore, an optimal selection of the depth of the underground diaphragm wall is obligatory prior to construction work, as it involves high economic cost.
The results of the three-dimensional numerical simulation model revealed that the number of pumping wells affects the water level in the foundation pit. The greater the number of wells, the stronger the pumping capacity, but this will increase construction costs. Conversely, the smaller the number of wells, the more the pumping capacity decreases, but there are cost savings. Thus, numerical simulation of the dewatering system prior to construction should be performed to analyze the performance of a dewatering system under different geological and hydrological conditions.
Conclusions
This study analyzed the performance of the dewatering system in a large deep foundation pit by using finite-difference numerical simulations. In most of the dewatering projects, the major unknown parameter is the hydraulic conductivity, thus a three-dimensional finite-difference numerical model was employed to revise the hydraulic conductivity parameters obtained from laboratory tests. The adopted hydraulic conductivity parameter for the calibration was slightly less than the median hydraulic conductivity obtained by using the Kozeny-Carman equation and constant head permeability test methods.
The results of the three-dimensional numerical simulation model revealed that when the depth of the underground diaphragm wall is not adjusted (i.e., its bottom level is considered the same as the riverbed level), it cannot meet the dewatering requirements and may induce foundation stability and environmental problems. Different schemes were developed for the selection of optimal depth of the underground diaphragm wall by varying its bottom level below the riverbed and the results revealed that the installation of the underground diaphragm wall can effectively increase the drawdown in the foundation pit to meet the dewatering requirements. Optimal depth of the underground diaphragm wall was attained at 9 m below the riverbed level and it was noted that any further increase in the depth of the underground diaphragm wall from 9 m resulted in insignificant variations in the simulated water levels. The model was tested to assess the impact of hydraulic conductivity on the dewatering system performance by varying the calibrated value of hydraulic conductivity, and it is concluded that the pumping rate of the dewatering system is directly proportional to the coefficient of hydraulic conductivity of subsurface strata, and therefore needs to be determined reasonably accurately prior to any dewatering system design.
There are some limitations of this study that need to be addressed further. Firstly, no economic analysis has been done in this study to calculate the total economic value that may be saved by the optimal selection of the depth of the underground diaphragm wall. Secondly, the selection of the number of wells for the optimal design of the dewatering system needs to be addressed, as during this dewatering project, the attained water levels were 2 to 3 m lower than the targeted water levels.
